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“Inside” a nucleon, we learned that there are
3 quarks that carry its static quantum numbers

We also learned that the quarks are constantly
interacting via exchange of gluons, the

colored photons of Quantum Chromodynamics

εp ∼ 500
MeV

fm3



Baryon
(3 q or q)

Meson
(1 q & q) Variety of quarks, angular momentum, 

parity, etc. gives exponential rise
in number of states!

QCD Bound States

3

FIG. 2: Accumulated spectrum of non-strange baryons plot-
ted as a function of m. The lower curve at high m corresponds
to older data of Ref. [7], while the higher curve includes the
new states as described in the text.

Now we pass to the case of the non-strange baryons.
With the help of identification of states in chiral multi-
plets [11], we add the missing states (marked with the
question signs in [11]) on top of the states from PDG [7]
used in Ref. [15]. In this way we fill the chiral multiplets.
The results of this procedure are shown in Fig. 2. We
note that the effect of including these baryon states is
less important than in the analogous procedure for the
mesons. In the present case we do not show the fit to
the exponential formula, since it is difficult to line-up
the results along one straight line in a sufficiently broad
range of m. Actually, with the present data one may see
a straight line up to about m = 2 GeV, and possibly an-
other straight line, with a lower slope, above. However,
this may be an artifact of missing data in the high-mass
range.

Indeed, the parity doublets in N and ∆ can be as-
sociated with the (0, 1/2) ⊕ (1/2, 0) representations for
the nucleon spectrum, the (0, 3/2) ⊕ (3/2, 0) multiplets
in the ∆ spectrum, and with the (1, 1/2) ⊕ (1/2, 1) rep-
resentations which combine the doublets in the nucleon
and delta spectra. If all these multiplets are realized
in nature, then the number of the states in the region
above 2 GeV should be much larger than given in PDG.
Unfortunately, this region has never been systematically
explored in experiments.

We now come back to the meson case of Fig. 1, and
wish to present the data in a somewhat different manner.
The problem of the presentation in the log scale, as in
Fig. 1, is that the low-mass states are sparse, while the
high-mass states are jammed up. For that reason we now
look at the ratio of the experimental function (2) to the
model function (3), with the choice f(m) = 1 and the
parameters at the fitted values quoted in the text. The
ratio is plotted as a function of the accumulated num-
ber of model states, Nmodel. If the Hagedorn hypothesis
complies to the data, this ratio should be equal to unity.

FIG. 3: The ratio of the accumulated spectrum of non-strange
baryons to the exponential fit, plotted as a function of m. The
lower curve at high m corresponds to older data of Ref. [7],
while the higher curve includes the new states as described in
the text. We note a sizeable increase of the validity range of
the Hagedorn hypothesis.

FIG. 4: Comparison of mesons (dashed lines) and baryons
(solid lines) of Figs. 1 and 2.

Indeed, this is so with the new data up to about 900
states, while with the old data it was true only up to
about 250 states. Again, we see vividly that the inclu-
sion of the new states significantly increases the range of
validity, or verification, of Eq. (1).

Finally, for the reader’s convenience we overlay our re-
sults for the mesons and baryons in one plot of Fig. 4.
As pointed out in Ref. [15], up to m = 2 GeV we note
a faster growth rate for baryons than for mesons, which
means two distinct Hagedorn temperatures for mesons
and baryons. This is a prediction of dual string mod-
els, see Ref. [17] for a discussion. For higher masses this
feature is no longer obvious, with more experimental in-
formation needed to clarify the issue.

In conclusion, we list our main observations:
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Update of the Hagedorn mass spectrum
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(Dated: June 21, 2004)

We present an update of the Hagedorn hypothesis of the exponential growth of the number of
hadronic resonances with mass. We use the newest available experimental data for the non-strange
mesons and baryons, as well as fill in some missing states according to the observation that the
high-lying states form chiral multiplets. The results show, especially for the case of the mesons,
that the Hagedorn growth continues with the increasing mass, with the new states lining up along
the exponential growth.

PACS numbers: 25.14.20.-c, 14.40.-n, 12.40Yx, 12.40Nn
Keywords: particle spectra, Hagedorn hypothesis, chiral symmetry

The Hagedorn hypothesis [1, 2, 3] of the exponential
growth of the number of hadronic resonances with mass
is one of the most fundamental issues in particle physics.
The formula for the asymptotic dependence of the density
of hadronic states on mass, namely

ρ(m) = f(m) exp(m/TH), (1)

where f(m) denotes a slowly varying function and TH is
the Hagedorn temperature, has gained a lot of attention
due to its appealing simplicity, fundamental character,
support from the experimental data and theoretical ap-
proaches, as well as because of its relevance to the phe-
nomenology of particle production, in particular concern-
ing the possible phase transition from the hadron gas to
the quark-gluon plasma [4, 5, 6].

The purpose of this note is to present an update of the
experimental verification of Eq. (1). We supplement the
data published in the Particle Data Tables [7] with the
new experimental information [8, 9], as well as add the-
oretically predicted new states belonging to chiral mul-
tiplets [10, 11, 12, 13, 14]. Although the appearance of
some of these states has not been verified experimentally
yet, their existence follows from the recent theoretical
findings that the high-lying particle spectrum essentially
has the features of restored chiral symmetry [10].

The results are shown for the non-strange mesons and
baryons, where the new data is available. The paper has
no pretence of presenting new models or ideas; neverthe-
less, due to the fundamental nature of the problem re-
lated to basic ideas behind the formation of bound states
and resonances in particle physics, the results of our sim-
ple compilation should be of interest for the community.
We include the new experimental results and show that
the new data are important in the verification of the

∗Electronic address: Wojciech.Broniowski@ifj.edu.pl
†Electronic address: florkows@amun.ifj.edu.pl
‡Electronic address: glozman@kfunigraz.ac.at

Eq. (1). The new results extend significantly, at least
for the mesons, the range of fiducial range of the Hage-
dorn hypothesis. While with the data listed in the 1998
edition of the Particle Data Tables [7] used in [15, 16, 17]
the exponential growth for non-strange mesons could be
observed up to the masses of about 1.8 GeV, now it con-
tinues higher up, till about 2.3 GeV.

We start with a very brief reminder of the history of
the Hagedorn hypothesis (for much more complete his-
torical presentations we refer the reader to Hagedorn’s
original lecture [3] and to a tribute article by Ericson and
Rafelski [18]). Equation (1) was originally proposed to
explain the spectra in the p-p and π-p scattering [1, 19].
Later, it was obtained from the statistical bootstrap mod-
els [2, 20, 21, 22]. Subsequently, it gained a convincing
support from the dual string models [23, 24, 25, 26]. It
is worthwhile to recall that in the 1960s, when the origi-
nal Hagedorn idea was formed, very few hadronic states
were known, up to the mass of the ∆ isobar. More and
more states have been accumulated over the years, thus
much more systematic studies were possible, such as for
instance the analysis of Ref. [27] and of Ref. [15], where
two of us (WB,WF) pointed out the different growth rate
of mesons and baryons, as well as demonstrated the uni-
versality of the Hagedorn temperatures with strangeness.
The faster growth of the baryon spectrum was also noted
in Ref. [28].

The Hagedorn concept of the limiting temperature
appears in many different contexts, e.g., in the stud-
ies of non-linear Regge trajectories [29, 30, 31], strings
[32, 33, 34], d-branes [35], and cosmology [36]. More-
over, a complete treatment of hadronic resonances, as
suggested by Hagedorn already in the 1960s, is the basic
ingredient of the successful models of hadron production
in heavy-ion collisions at the RHIC energies [37, 38].

After many dormant years with essentially no incoming
new data, a recent systematic partial wave analysis of the
p̄p annihilation at LEAR has revealed a lot of new meson
states in the mass range 1.8 - 2.4 GeV [8, 9]. These
new experimental results turned out to be in line with

ρ(m) ∼ e
m/T0

πK

n

Λ
Δ

Σ
Ω

ρ

ω

Ξ

ρ

p

ϕ



In the early 1960’s 
Rolf Hagedorn
predicted that 
the bound state 
spectrum would
rise indefinitely

--> Singularity at 
limiting temperature TH

ρ(m) ∼ maem/T0 → Z =

∫
ρ(m)e−m/T → ∞(T ≥ T0)

QCD Bound States

3

FIG. 2: Accumulated spectrum of non-strange baryons plot-
ted as a function of m. The lower curve at high m corresponds
to older data of Ref. [7], while the higher curve includes the
new states as described in the text.

Now we pass to the case of the non-strange baryons.
With the help of identification of states in chiral multi-
plets [11], we add the missing states (marked with the
question signs in [11]) on top of the states from PDG [7]
used in Ref. [15]. In this way we fill the chiral multiplets.
The results of this procedure are shown in Fig. 2. We
note that the effect of including these baryon states is
less important than in the analogous procedure for the
mesons. In the present case we do not show the fit to
the exponential formula, since it is difficult to line-up
the results along one straight line in a sufficiently broad
range of m. Actually, with the present data one may see
a straight line up to about m = 2 GeV, and possibly an-
other straight line, with a lower slope, above. However,
this may be an artifact of missing data in the high-mass
range.

Indeed, the parity doublets in N and ∆ can be as-
sociated with the (0, 1/2) ⊕ (1/2, 0) representations for
the nucleon spectrum, the (0, 3/2) ⊕ (3/2, 0) multiplets
in the ∆ spectrum, and with the (1, 1/2) ⊕ (1/2, 1) rep-
resentations which combine the doublets in the nucleon
and delta spectra. If all these multiplets are realized
in nature, then the number of the states in the region
above 2 GeV should be much larger than given in PDG.
Unfortunately, this region has never been systematically
explored in experiments.

We now come back to the meson case of Fig. 1, and
wish to present the data in a somewhat different manner.
The problem of the presentation in the log scale, as in
Fig. 1, is that the low-mass states are sparse, while the
high-mass states are jammed up. For that reason we now
look at the ratio of the experimental function (2) to the
model function (3), with the choice f(m) = 1 and the
parameters at the fitted values quoted in the text. The
ratio is plotted as a function of the accumulated num-
ber of model states, Nmodel. If the Hagedorn hypothesis
complies to the data, this ratio should be equal to unity.

FIG. 3: The ratio of the accumulated spectrum of non-strange
baryons to the exponential fit, plotted as a function of m. The
lower curve at high m corresponds to older data of Ref. [7],
while the higher curve includes the new states as described in
the text. We note a sizeable increase of the validity range of
the Hagedorn hypothesis.

FIG. 4: Comparison of mesons (dashed lines) and baryons
(solid lines) of Figs. 1 and 2.

Indeed, this is so with the new data up to about 900
states, while with the old data it was true only up to
about 250 states. Again, we see vividly that the inclu-
sion of the new states significantly increases the range of
validity, or verification, of Eq. (1).

Finally, for the reader’s convenience we overlay our re-
sults for the mesons and baryons in one plot of Fig. 4.
As pointed out in Ref. [15], up to m = 2 GeV we note
a faster growth rate for baryons than for mesons, which
means two distinct Hagedorn temperatures for mesons
and baryons. This is a prediction of dual string mod-
els, see Ref. [17] for a discussion. For higher masses this
feature is no longer obvious, with more experimental in-
formation needed to clarify the issue.

In conclusion, we list our main observations:
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1The H. Niewodniczański Institute of Nuclear Physics,
Polish Academy of Sciences, PL-31342 Kraków, Poland
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mesons and baryons, as well as fill in some missing states according to the observation that the
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the exponential growth.
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The Hagedorn hypothesis [1, 2, 3] of the exponential
growth of the number of hadronic resonances with mass
is one of the most fundamental issues in particle physics.
The formula for the asymptotic dependence of the density
of hadronic states on mass, namely

ρ(m) = f(m) exp(m/TH), (1)

where f(m) denotes a slowly varying function and TH is
the Hagedorn temperature, has gained a lot of attention
due to its appealing simplicity, fundamental character,
support from the experimental data and theoretical ap-
proaches, as well as because of its relevance to the phe-
nomenology of particle production, in particular concern-
ing the possible phase transition from the hadron gas to
the quark-gluon plasma [4, 5, 6].

The purpose of this note is to present an update of the
experimental verification of Eq. (1). We supplement the
data published in the Particle Data Tables [7] with the
new experimental information [8, 9], as well as add the-
oretically predicted new states belonging to chiral mul-
tiplets [10, 11, 12, 13, 14]. Although the appearance of
some of these states has not been verified experimentally
yet, their existence follows from the recent theoretical
findings that the high-lying particle spectrum essentially
has the features of restored chiral symmetry [10].

The results are shown for the non-strange mesons and
baryons, where the new data is available. The paper has
no pretence of presenting new models or ideas; neverthe-
less, due to the fundamental nature of the problem re-
lated to basic ideas behind the formation of bound states
and resonances in particle physics, the results of our sim-
ple compilation should be of interest for the community.
We include the new experimental results and show that
the new data are important in the verification of the
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Eq. (1). The new results extend significantly, at least
for the mesons, the range of fiducial range of the Hage-
dorn hypothesis. While with the data listed in the 1998
edition of the Particle Data Tables [7] used in [15, 16, 17]
the exponential growth for non-strange mesons could be
observed up to the masses of about 1.8 GeV, now it con-
tinues higher up, till about 2.3 GeV.

We start with a very brief reminder of the history of
the Hagedorn hypothesis (for much more complete his-
torical presentations we refer the reader to Hagedorn’s
original lecture [3] and to a tribute article by Ericson and
Rafelski [18]). Equation (1) was originally proposed to
explain the spectra in the p-p and π-p scattering [1, 19].
Later, it was obtained from the statistical bootstrap mod-
els [2, 20, 21, 22]. Subsequently, it gained a convincing
support from the dual string models [23, 24, 25, 26]. It
is worthwhile to recall that in the 1960s, when the origi-
nal Hagedorn idea was formed, very few hadronic states
were known, up to the mass of the ∆ isobar. More and
more states have been accumulated over the years, thus
much more systematic studies were possible, such as for
instance the analysis of Ref. [27] and of Ref. [15], where
two of us (WB,WF) pointed out the different growth rate
of mesons and baryons, as well as demonstrated the uni-
versality of the Hagedorn temperatures with strangeness.
The faster growth of the baryon spectrum was also noted
in Ref. [28].

The Hagedorn concept of the limiting temperature
appears in many different contexts, e.g., in the stud-
ies of non-linear Regge trajectories [29, 30, 31], strings
[32, 33, 34], d-branes [35], and cosmology [36]. More-
over, a complete treatment of hadronic resonances, as
suggested by Hagedorn already in the 1960s, is the basic
ingredient of the successful models of hadron production
in heavy-ion collisions at the RHIC energies [37, 38].

After many dormant years with essentially no incoming
new data, a recent systematic partial wave analysis of the
p̄p annihilation at LEAR has revealed a lot of new meson
states in the mass range 1.8 - 2.4 GeV [8, 9]. These
new experimental results turned out to be in line with

TH ∼ 170MeV

R. Hagedorn, CERN (1968)



We’ve come a long way...to 10TFlops
(or 5 Playstation 3’s ;-)...)



Non-perturbative
QCD is notoriously difficult

to study analytically

Equilibrium QCD
implemented on a 

lattice shows that there 
is a phase transition

Tc = 173 ± 15MeV

Can we access
this experimentally?

εc ∼ 700
MeV

fm3

BNL/RIKEN QCDOC (2005)
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Figure 1: The left–hand figure shows the energy density ε in units of T 4

calculated on the lattice with (2+1) quark flavors as a function of the T/Tc

ratio. The vertical lines indicate the position of the critical temperature.
The right–hand figure represents the corresponding results for the interaction
measure (ε − 3P )/T 4. The full–lines are the results of the hadron resonance
gas model that accounts for all mesonic and baryonic resonances.

1 GeV/fm3 already at T " 180 MeV. This is in good agreement with lattice
calculations, which find a critical energy density of about 0.7 GeV/fm3 at
Tc " 170 MeV [17]. For comparison we note that a simple pion gas would
only lead to an energy density of about 0.1 GeV/fm3 at this temperature.
This suggests that a more quantitative comparison between numerical results
obtained from lattice calculations and the resonance gas model might indeed
be meaningful.

3 Hadron spectrum in heavy quark–mass limit

In order to use the resonance gas model for further comparison with lattice
results we should take into account that lattice calculations are generally
performed with quark masses heavier than those realized in nature. In fact,
we should take advantage of this by comparing lattice results obtained for
different quark masses with resonance gas model calculations based on a
modified, quark mass dependent, resonance spectrum.

Rather than converting the bare quark masses used in lattice calculation
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Hadron Resonance Mass Spectrum
and

Lattice QCD Thermodynamics∗

F. Karsch1, K. Redlich1,2, and A. Tawfik1

1 Fakultät für Physik, Universität Bielefeld,

Postfach 100 131, D-33501 Bielefeld, Germany
2 Institute of Theoretical Physics University of Wroclaw,

PL-50204 Wroclaw, Poland

July 9, 2004

Abstract
We confront lattice QCD results on the transition from the hadronic phase to

the quark–gluon plasma with hadron resonance gas and percolation models. We

argue that for T ≤ Tc the equation of state derived from Monte–Carlo simulations
of (2+1) quark–flavor QCD can be well described by a hadron resonance gas. We
examine the quark mass dependence of the hadron spectrum on the lattice and

discuss its description in terms of the MIT bag model. This is used to formulate a
resonance gas model for arbitrary quark masses which can be compared to lattice

calculations. We finally apply this model to analyze the quark mass dependence of
the critical temperature obtained in lattice calculations. We show that the value
of Tc for different quark masses agrees with lines of constant energy density in a

hadron resonance gas. For large quark masses a corresponding contribution from
a glueball resonance gas is required.

∗ Dedicated to Rolf Hagedorn
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Hadron gas joins w/ lattice...





RHIC @ BNL

x <-- You are here!



What do we do @ RHIC?
Impact parameter (b):

- Participants
- Collisions per participant

b

Center-of-mass energy  (per N+N):

- N+N cross section
- Lorentz contraction
- “hard” processes

L =

L0

γ γ =
1√

1 −

v
2

c
2

ENN/2 ENN/2

γ =
ENN

2MP

Top RHIC energy is ENN = 200 GeV

ENN =

√
sNN



Units of
time are

fm/c
~3x10-24s
(yocto-
seconds)

http://www.ccd.bnl.gov/visualization/gallery/au_on_au/



1.6 × 10
−19

J

eV
× 197 × 200GeV ∼ 6µJ

How much
energy 
in each
collision?

Consider
two mosquitos

colliding...

2 ×
1

2
mv2 = (1g) × (10cm/s)2 = 10µJ



RHIC Detectors to Scale

PHENIX

STAR
BRAHMS

PHOBOS



PHOBOS In Detail

Spectrometer

Time-of-Flight
Detectors

“Ring”
Detectors

“Octagon”
Detector

Trigger
Counters

Master Yoda



A Single RHIC Event



A Single RHIC EventA Single RHIC Event



A Single Event @ PHOBOS

Hits in the silicon detectors
in a 200 GeV Au+Au event



One Event, Unwrapped

Octagon RingsRings



Pseudorapidity Distributions
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130 GeV

!
-5 0 5

200 GeV

η = − log(tan(θ/2))

Angle tells us about velocity of particles.
Most produced particles are relatively slow.

E=mc2: Trade off of kinetic energy for matter

19.6 GeV

y = tanh−1βz

PHOBOS, PRL91(2003)



What can we learn about the dynamics of
 the “middle ages” by considering the simple

features of the initial & final states?

Let’s start with final state, after all of the
dynamics has finished (“frozen out”,

 a concept from cosmology...)

? ?



Strong Blackbody

PHOBOS Central (head-on) Au+Au 200 GeV

System looks like a “blackbody”, with hadrons
(mesons & baryons) instead of photons



π

π

K
n

Λ

Δ

Σ Ω

ρ

ω Ξ

π

ρ
p

n

π

Remember that we have many hadronic degrees
of freedom in nature.  

Are they radiated as if by the same temperature?

Hadronic Fireball



Thermochemistry at RHIC
T Chemical freezeout 

temperature

μB Baryochemical potential

γs Strangeness suppression

p

p
∼ exp (−2µB/T ) µB = 29MeV

Tch = 177MeV



“Temperature” of the Sun

Core of the sun is 13-25 million oK
Surface of the sun is 7000oK



“Temperature” of RHIC

π

This is, in some sense, the 
“surface temperature”

of a RHIC collision, when
it “freezes” into hadrons

The “core” must have
been much hotter!

This is ~2x1012 degrees K

µB = 29MeV
Tch = 177MeV



Baryochemistry
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At lower energies, μB

increases.  More baryons
to conserve in final state

Can be seen directly
in densities of 
“net protons” 

(protons-antiprotons):
at low energies,

more “slow” baryons



p. 376 of R. E. Dickerson's Molecular Thermodynamics 
(Pasadena, California), 1969

B



But what about the entropy      ? 

Various degrees of freedom could be important at 
different phases of the evolution

(baryons, quarks/gluons, hadrons, etc.)

S =
∆Q

T



A Simple Model

Colliding nuclei boosted by velocity v

V0

γ

V0

γ
v v



Landau & Fermi’s Approach

Assume nothing about dynamics or degrees of freedom
except they rapidly and efficiently thermalize 

all of the energy in the overlap volume

V0

γ

At RHIC, this thermalization time is very short: 0.1 fm/c! 



Total Entropy Calculation

ε =

E

V

Assume blackbody radiation formulae

P =
ε

3

4 TeV/fm3
@ RHIC!

V

Energy
Density

Entropy
Density

V =
V0

γ
=

2MP V0

ENN

=
E2

NN

2MP V0

s ∝ ε
3/4

S = sV ∝

(
E2

NN

)3/4

ENN
= E

1/2

NN



Total Multiplicity

Nch ∝ N ∝ S ∝

√
ENN

Charged Particles
are a fixed fraction of

Total Number of Particles
which are proportional to

the Total Entropy
which scales as

The square-root of the Available Energy



Total Multiplicity
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Nch ∝ V ∝ Npart ∝ A

Total multiplicity also
scales with the volume

determined by number of particpants

PHOBOS, nucl-ex/0301017



Total Multiplicity vs. Energy
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What’s happening
down here?...

Per volume
all systems
have similar
entropy!

PHOBOS, nucl-ex/0301017



A Little More Chemistry

G = E + PV − TS = µBNB

In equilibrium:

S =
E + PV

T
−

µBNB

T

Rearranges to:

So chemical potential reduces multiplicity:

∆
Nch

Npart/2
∝

µB

T

= Npart



Baryons Suppress Entropy
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RHIC Thermochemistry

1. Temperature - hadronic blackbody
2. Entropy - determined by energy & geometry

3. Baryochemistry - suppresses entropy

All of this is descriptive language, with no
reference to dynamical mechanism

Also a static picture, with no mention of 
space-time evolution



RHIC Hydrodynamics

Is the system really
a “fireball”, just radiating

into free space?

Or is the system
more “explosive”, with

real dynamics preceding
the freezeout?



What is “Hydrodynamics”?

∂µT
µν

= 0

Energy density 
thermalized in 

a volume,
adjacent cells 
are in causal 

contact

Presure gradients
develop via

expansion into
vacuum

P =
ε

3

When local
temperature

is Tch interactions turn 
off and fluid

cells “freeze out”
as isotropic fireballs
(in fluid rest frame)



The Initial Conditions

1. Large compression in longitudinal direction
--> Longitudinal Flow

2. Almond shape in transverse plane
--> Radial & Elliptic Flow 

z

y

x

y



2. Hydrodynamic Expansion

∆z ∼ 1√
s

z

y

y

dN/dy

An important study of longitudinal dynamics
was done in 1955, by Landau, using blackbody

equation of state (P=ε/3)

Hydrodynamics maps uniform slab in z into
a Gaussian in rapidity.

∂µT
µν

= 0

σy ∼

√
log(ENN )

σy



Landau’s Relevance in A+A
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spectra and inclusive invariant yields of charged meson
π± and K±. The ratios of strange to non–strange
mesons K/π are well reproduced by the hadron gas
statistical model [6] that assumes strangeness equilibra-
tion at mid–rapidity. The excess of K+ over K− yields
at higher rapidities can be explained by the increasing
baryo–chemical potential µB with rapidity. The widths
of the pion rapidity distributions are in surprisingly
good agreement with a hydrodynamic model based on
the Landau expansion picture.

This work was supported by the division of Nuclear
Physics of the Office of Science of the U.S. DOE, the
Danish Natural Science Research Council, the Research
Council of Norway, the Polish State Com. for Scientific
Research and the Romanian Ministry of Research.
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Fig. 23. Rapidity densities of positive pions emitted in central collisions of Au+Au
(AGS and RHIC) [55,180] and Pb+Pb (SPS) [50] at a variety of beam energies.
Note that, in contrast to Fig. 1, yields in rapidity space are well represented by
Gaussians with no evidence for a broad midrapidity plateau.

distributions at all energies are identical in the region corresponding to larger
η, the data from lower energies can be used to constrain the extrapolation of
the higher energy data to the full solid angle. In addition, it should be noted
that the corrections to the PHOBOS multiplicity data depend strongly on
emission angle of the particles and also are significantly asymmetric between
positive and negative pseudorapidities. The latter effect results primarily from
the offset of the PHOBOS magnet from the center of the interaction region
(see Fig. A.1). The good agreement seen when comparing particles emitted at
different angles and for both signs of pseudorapidity indicates the robustness
of the analysis procedure, as well as providing interesting physics insight.

Fig. 24 illustrates the observation that longitudinal scaling holds over an even
more extended range of pseudorapidity in these seemingly complex high energy
A+A collisions at RHIC. Based on the pseudorapidity distribution (and, as
will be discussed in following sections, elliptic flow and perhaps even HBT), no
evidence is seen in any hadron-hadron or ion-ion collisions for two energy inde-
pendent fragmentation regions separated by a boost invariant central plateau
which grows in extent with increasing collision energy. Thus, the expectation
from the boost-invariant description of the energy evolution of rapidity distri-

44

Gaussian formula works surprisingly well for pions

BRAHMS, PRL94(2005) 

PHOBOS White Paper



Longitudinal Scaling
dN

dy
= Ks1/4

1
√

2πL
exp

(
−

y2

2L

)

y
0 5 10

dN
/d

y

0

2

4

6

= 20 GeVs

= 62 GeVs

= 130 GeVs

= 200 GeVs

y
′
= y + ybeam = y + e

L

When observed in the rest frame of one of the
projectiles ~invariance of particle yields!

dN

dy′
∼ 1√

L
exp

(
−y′2

2L
− y′

)

P. Steinberg, nucl-ex/0405022



“Longitudinal Scaling”
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Fig. 24. Distributions of pseudorapidity densities of charged particles emitted in
Au+Au collisions at three energies and two centrality ranges [44] are plotted versus
η′ ≡ η−ybeam (or η +ybeam). In the far right panel, data for positive and negative η
have been averaged to generate data versus |η|− ybeam. Systematic errors (identical
to those on Fig. 1) are not shown and statistical errors are smaller than the symbols.
Note that the data from all three energies follow a common curve.

butions is not valid for heavy ion collisions either. In fact, there is no boost
invariant central plateau and, instead, the rapidity distribution appears to be
dominated by two broad “fragmentation-like” regions, whose extent increases
with energy. We call this effect “extended longitudinal scaling”.

4.5.4 Longitudinal dependence of elliptic flow: Au+Au at RHIC

In addition to the pseudorapidity distributions of yields of produced parti-
cles, longitudinal scaling can also be seen in the elliptic flow of particles pro-
duced in heavy ion collisions. As discussed in Section 3, the elliptic flow pa-
rameter, v2, provides a sensitive probe of the properties in the early stages
of the collision, one of which is the presence or absence of boost-invariance.
Boost invariant “initial conditions” (i.e. right after the collision) should lead
to a boost-invariant v2(y). Kinematic effects result in a difference between
v2(y) and v2(η), but the changes are small (<10% at 200 GeV to <20% at
19.6 GeV)[183,184]. The small magnitudes of these differences mean that they
do not affect the conclusions discussed here and that a boost-invariant sce-
nario (in rapidity) should also result in elliptic flow which is approximately
flat over a large region of pseudorapidity. In Fig. 25, the pseudorapidity de-
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Rest frame
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Rest frame
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Central
events

Peripheral
events

PHOBOS, PRL91(2003)



Longitudinal-->Transverse
Initial “explosion”
along beam axis 
generates dN/dy,
on time-scale
of O(1/Δz)

y

Transverse motion
develops much

slower, in times of
O(1/R)

dN/dy
Rapidity slices

quickly
decouple:

“scaling” regime
(Bjorken hydro)

Initial conditions
for tranverse

expansion

z

y



Two Types of Transverse “Flow”

“Radial flow”:
a collective push

outwards

“Elliptic flow”:
a collective push
along an axis

x

y

x

y



Blue-Shifted Spectra

Image from SDSS web site

〈βT 〉 ∼ .6

Kolb & Rapp (2003)



“Elliptic Flow”
Strongly-coupled 6Li atoms in a magnetic trap at the 

Feshbach resonance (O’Hara et al, 2003)
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Elliptic Flow Follows Hydro

1

N

dN

dφ
= 1 + 2v1 cos(φ − ΦR) + 2v2 cos(2[φ − ΦR]) + ...

Fourier decomposition can be compared with
hydrodynamical calculations with τth~0.6fm/c
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RHIC Hydrodynamics
1. Initial collision defines energy (entropy) and

volume, as well as its shape

2. Longitudinal distributions described approximately by 
Landau’s hydro, implying τth << 1 fm/c and an energy density 

of 4 TeV/fm3

3. Transverse pressure described by hydro, starting at a later 
time τth ~ 0.6 fm/c and energy density of ~30 GeV/fm3

All of this would be “crazy” if it didn’t work



Can we turn hydro “off”?

e+e-      p+p

Au+Au

d+Au



Thermalization
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Longitudinal Dynamics
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Fig. 21. (Top panel) Distributions of pseudorapidity density of charged particles
emitted in p(p̄)+p collisions at a range of energies versus the variable η − ybeam

[172,155]. (Bottom panel) Similar data for particles emitted along the jet axis in an
e++e− collision versus the variable y

T
−yjet, defined in Appendix B.2 [173]. In both

cases, when effectively viewed in the “target” rest frame, these collisions exhibit
longitudinal scaling (energy independence).

leading naturally to extended longitudinal scaling.
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Fig. 21. (Top panel) Distributions of pseudorapidity density of charged particles
emitted in p(p̄)+p collisions at a range of energies versus the variable η − ybeam

[172,155]. (Bottom panel) Similar data for particles emitted along the jet axis in an
e++e− collision versus the variable y

T
−yjet, defined in Appendix B.2 [173]. In both

cases, when effectively viewed in the “target” rest frame, these collisions exhibit
longitudinal scaling (energy independence).

leading naturally to extended longitudinal scaling.
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A Conjecture

Perhaps the interactions are so strong and so fast 
in the very early stages of strong interactions that 

all reactions start as the “near-ideal” fluid?

Bulk features will be similar, but details should differ

Not an original idea, but becomes more compelling
with higher-quality data from RHIC p+p, d+A, A+A



The Big Mystery
From this point of view, strong interactions
don’t look so complicated (modulo details
influenced by hard-scattering of partons)

But how exactly do we get from

two colliding
nuclei

exploding
perfect
fluid

or two nucleons...



Landau & Fermi

Assume nothing about dynamics or degrees of freedom
except they rapidly and efficiently thermalize 

all of the energy in this volume

V0

γ



Degrees of Freedom

We always hoped that
coupling between

quarks and gluons would
become weak, via

“asymptotic freedom”
(Nobel Prize in Physics 2004)

But perturbative calculations
cannot describe the strong coupling

needed for hydrodynamics
to be a relevant effective
theory for RHIC collisions



Black Holes at RHIC?



Viscosity in Strongly Interacting Quantum Field Theories from Black Hole Physics

P. K. Kovtun,1 D. T. Son,2 and A. O. Starinets3
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The ratio of shear viscosity to volume density of entropy can be used to characterize how close a given
fluid is to being perfect. Using string theory methods, we show that this ratio is equal to a universal value
of !h=4!kB for a large class of strongly interacting quantum field theories whose dual description involves
black holes in anti–de Sitter space. We provide evidence that this value may serve as a lower bound for a
wide class of systems, thus suggesting that black hole horizons are dual to the most ideal fluids.

DOI: 10.1103/PhysRevLett.94.111601 PACS numbers: 11.10.Wx, 04.70.Dy, 11.25.Tq, 47.75.+f

Introduction.—It has been known since the discovery of
Hawking radiation [1] that black holes are endowed with
thermodynamic properties such as entropy and tempera-
ture, as first suggested by Bekenstein [2] based on the
analogy between black hole physics and equilibrium ther-
modynamics. In higher-dimensional gravity theories there
exist solutions called black branes, which are black holes
with translationally invariant horizons [3]. For these solu-
tions, thermodynamics can be extended to hydrodynam-
ics—the theory that describes long-wavelength deviations
from thermal equilibrium [4]. In addition to thermody-
namic properties such as temperature and entropy, black
branes possess hydrodynamic characteristics of continuous
fluids: viscosity, diffusion constants, etc. From the perspec-
tive of the holographic principle [5,6], a black brane cor-
responds to a certain finite-temperature quantum field
theory in fewer number of spacetime dimensions, and the
hydrodynamic behavior of a black-brane horizon is iden-
tified with the hydrodynamic behavior of the dual theory.
For these field theories, in this Letter we show that the ratio
of the shear viscosity to the volume density of entropy has a
universal value

"
s

! !h
4!kB

" 6:08# 10$13K s: (1)

Furthermore, we shall argue that this is the lowest bound on
the ratio "=s for a wide class of thermal quantum field
theories.

Viscosity and graviton absorption.—Consider a thermal
field theory whose dual holographic description involves a
D-dimensional black-brane metric of the form

ds2 ! g%0&MNdx
MdxN

! f%#&%dx2 ' dy2& ' g$%%#&d#$d#%:
(2)

[The O%2& symmetry of the background is required for the
existence of the shear hydrodynamic mode in the dual
theory, thus making the notion of shear viscosity mean-
ingful.] One can have in mind, as an example, the near-
extremal D3-brane in type IIB supergravity, dual to finite-

temperature N ! 4 supersymmetric SU%Nc& Yang-Mills
theory in the limit of large Nc, and large ’t Hooft coupling
[7–10],

ds2 ! r2

R2

!
$
"
1$ r40

r4

#
dt2 ' dx2 ' dy2 ' dz2

$

' R2

r2%1$ r40=r
4& dr

2; (3)

but our discussion will be quite general. All black branes
have an event horizon [r ! r0 for the metric (3)], which is
extended along several spatial dimensions [x, y, z in the
case of (3)]. The dual field theory is at a finite temperature,
equal to the Hawking temperature of the black brane.

The entropy of the dual field theory is equal to the
entropy of the black brane, which is proportional to the
area of its event horizon,

S ! A
4G

; (4)

where G is Newton’s constant (we set !h ! c ! kB ! 1).
For black branes A contains a trivial infinite factor V equal
to the spatial volume along directions parallel to the hori-
zon. The entropy density s is equal to a=%4G&, where a !
A=V.

The shear viscosity of the dual theory can be computed
from gravity in a number of equivalent approaches [11–
13]. Here we use Kubo’s formula, which relates viscosity
to equilibrium correlation functions. In a rotationally in-
variant field theory,

" ! lim
!!0

1

2!

Z
dtdxei!th(Txy%t;x&; Txy%0; 0&)i: (5)

Here Txy is the xy component of the stress-energy tensor
(one can replace Txy by any component of the traceless part
of the stress tensor). We shall now relate the right-hand side
of (5) to the absorption cross section of low-energy
gravitons.

According to the gauge-gravity duality [10], the stress-
energy tensor T$% couples to metric perturbations at the

PRL 94, 111601 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MARCH 2005

0031-9007=05=94(11)=111601(4)$23.00 111601-1  2005 The American Physical Society



Viscosity Lower Bound
Son et al found that 10-dimensional black holes

can be “mapped” onto a strongly-coupled 
QCD-like “dual” theory, giving a viscosity bound

We have already seen that RHIC has a very
low viscosity.  Does it saturate this bound?

η

s
≥

1

4π

h̄

kB



Lower Viscosity Bound

111601 (2005). 
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2003(10), 064 (2003); A. Buchel, J. T. Liu, Phys. Rev. Lett. 93,

090602 (2004). 
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The viscosity/entropy density ratio for helium, nitrogen and

water varies with temperature. Visible in the data is the infinite

slope at the gas–liquid phase transition for helium. The value of

the quotient obtained for systems dual to anti-de Sitter black

holes has been normalized to unity and is indicated by the hori-

zontal red line that lies well below the curves of the real-world

substances. (Adapted from ref. 2.)
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matter it describes warps spacetime and leads to gravitational

forces. In the language of quantum mechanics, the tensor couples

to gravitons analogous to the way that currents couple to photons

in quantum electrodynamics. The Maldacena duality and the con-

nections linking h to the stress–energy tensor to gravitons imply

that a fluid’s h is proportional to the zero-energy-limit cross sec-

tion for gravitons to scatter off the dual black hole. 

A standard result from quantum mechanics says that the cross

section for low energy scattering off a hard sphere is proportional

to the sphere’s cross sectional area. The graviton result is similar:

The zero-energy-limit cross section is proportional to the area of

the black hole horizon. In the ratio h/s, the horizon area cancels.

The specific systems that yield the duality value for h/s have

vanishing chemical potential. Son and colleagues conjecture that

the duality value is a lower bound for h/s in any nonzero-tempera-

ture system with vanishing chemical potential. Just what might

be said about h/s for systems with nonzero chemical potential is an

open question, but the techniques employed by Son and others

have a natural extension to that regime. Calculations for the gen-

eralized scenario, though, will have to deal with an interesting

technical wrinkle: The dual black hole has angular momentum.

Steven K. Blau
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This has been an unconventional discussion of
RHIC collisions

Little discussion of the fundamental theory: QCD

The strongly-coupled nature of the matter
gives a primary role to thermochemistry

and hydrodynamics

And yet, we must ultimately understand these
features via QCD, or perhaps through a dual

theory



QCD in A+A
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FIG. 4: (a) Efficiency corrected two-particle azimuthal dis-
tributions for minimum bias and central d+Au collisions, and
for p+p collisions[6]. Curves are fits using Eq. 3, with pa-
rameters given in Table I. (b) Comparison of two-particle
azimuthal distributions for central d+Au collisions to those
seen in p+p and central Au+Au collisions [6]. The respective
pedestals have been subtracted.

TABLE I: Fit parameters from Eq. 3. Errors are statistical
only.

p+p min. bias d+Au min. bias d+Au central

AN 0.081±0.005 0.073±0.003 0.067±0.004

σN 0.18±0.01 0.20±0.01 0.22±0.02

AB 0.119±0.007 0.097±0.004 0.098±0.007

σB 0.45±0.03 0.48±0.02 0.51±0.03

P 0.008±0.001 0.039±0.001 0.052±0.002

trality dependence [14]. Figure 3 also shows RAB(pT ) for
central Au+Au collisions[5], exhibiting large suppression
in hadron production at high pT .

Figure 4(a) shows the two-particle azimuthal distribu-
tion D(∆φ), defined as

D(∆φ) ≡ 1

Ntrigger

1

ε

dN

d(∆φ)
, (2)

for minimum bias and central d+Au collisions, and for
p+p collisions[6]. Only particles within |η|<0.7 are in-
cluded in the analysis. Ntrigger is the number of particles
within 4<pT (trig)<6 GeV/c, referred to as trigger parti-
cles. The distribution results from the correlation of each
trigger particle with all associated particles in the same
event having 2 < pT < pT (trig), where ε is the tracking
efficiency of the associated particles. The normalization
uncertainties are less than 5%.

The azimuthal distributions in d+Au collisions include

a near-side (∆φ ∼ 0) peak similar to that seen in p+p and
Au+Au collisions [6] that is typical of jet production, and
a back-to-back (∆φ ∼ π) peak similar to that seen in p+p
and peripheral Au+Au collisions [6] that is typical of di-
jet events. The azimuthal distributions are characterized
by a fit to the sum of near-side (first term) and back-to-
back (second term) Gaussian peaks and a constant:

D(∆φ) = AN
e−(∆φ)2/2σ2

N√
2πσN

+AB
e−(|∆φ|−π)2/2σ2

B√
2πσB

+P. (3)

Fit parameters are given in Table I. Their systematic
uncertainties are highly correlated between the data sets,
and are less than 20% for σN and less than 10% for all
other parameters. The only large difference in the az-
imuthal distributions in p+p and d+Au collisions is the
growth of the pedestal P . It increases with increasing
〈Nbin〉, but is not proportional to 〈Nbin〉 as might be ex-
pected for incoherent production. Both σN and σB ex-
hibit at most a small increase from p+p to central d+Au
collisions. A small growth in σB is expected to result
from initial-state multiple scattering [24, 25]. The mod-
est reduction in the correlation strengths AN and AB

from p+p to central d+Au collisions is similar to that
seen previously for peripheral Au+Au collisions [6].

Figure 4(b) shows the pedestal-subtracted azimuthal
distributions for p+p and central d+Au collisions.
The azimuthal distributions are shown also for central
Au+Au collisions after subtraction of the elliptic flow
and pedestal contributions [6]. The near-side peak is sim-
ilar in all three systems, while the back-to-back peak in
central Au+Au shows a dramatic suppression relative to
p+p and d+Au.

The contrast between d+Au and central Au+Au col-
lisions in Figs. 3 and 4 indicates that the cause of the
strong high pT suppression observed previously is asso-
ciated with the medium produced in Au+Au but not in
d+Au collisions. The suppression of the inclusive hadron
yield at high pT in central Au+Au collisions has been
discussed theoretically in various approaches (see [5] for
references). Measurements of central Au+Au collisions
[5] are described both by pQCD calculations that incor-
porate shadowing, the Cronin effect, and partonic energy
loss in dense matter, and by a calculation extending the
saturation model to high momentum transfer. However,
predictions of these models differ significantly for d+Au
collisions. Due to the Cronin effect, pQCD models pre-
dict that RAB(pT )>1 within 2<pT <6 GeV/c for mini-
mum bias d+Au collisions, with a peak magnitude of 1.1-
1.5 in the range 2.5<pT <4 GeV/c [11]. The enhancement
is expected to be larger for central collisions [12]. The
saturation model calculation in [7] predicts RAB(pT )<1,
with larger suppression for more central events, achieving
RAB(pT )∼ 0.75 for the 20% most central collisions. In
contrast, another saturation model calculation [15] gener-
ates an enhancement in RAB(pT ), similar to the Cronin

QCD jets from
direct scattering
between quarks

can be “quenched”
by the strongly-
coupled medium

One can study how
correlations between
particles are reduced
by passage through
the collision volume

STAR, PRL91(2005) 
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FIG. 4: (a) Efficiency corrected two-particle azimuthal dis-
tributions for minimum bias and central d+Au collisions, and
for p+p collisions[6]. Curves are fits using Eq. 3, with pa-
rameters given in Table I. (b) Comparison of two-particle
azimuthal distributions for central d+Au collisions to those
seen in p+p and central Au+Au collisions [6]. The respective
pedestals have been subtracted.

TABLE I: Fit parameters from Eq. 3. Errors are statistical
only.

p+p min. bias d+Au min. bias d+Au central

AN 0.081±0.005 0.073±0.003 0.067±0.004

σN 0.18±0.01 0.20±0.01 0.22±0.02

AB 0.119±0.007 0.097±0.004 0.098±0.007

σB 0.45±0.03 0.48±0.02 0.51±0.03

P 0.008±0.001 0.039±0.001 0.052±0.002

trality dependence [14]. Figure 3 also shows RAB(pT ) for
central Au+Au collisions[5], exhibiting large suppression
in hadron production at high pT .

Figure 4(a) shows the two-particle azimuthal distribu-
tion D(∆φ), defined as

D(∆φ) ≡ 1

Ntrigger

1

ε

dN

d(∆φ)
, (2)

for minimum bias and central d+Au collisions, and for
p+p collisions[6]. Only particles within |η|<0.7 are in-
cluded in the analysis. Ntrigger is the number of particles
within 4<pT (trig)<6 GeV/c, referred to as trigger parti-
cles. The distribution results from the correlation of each
trigger particle with all associated particles in the same
event having 2 < pT < pT (trig), where ε is the tracking
efficiency of the associated particles. The normalization
uncertainties are less than 5%.

The azimuthal distributions in d+Au collisions include

a near-side (∆φ ∼ 0) peak similar to that seen in p+p and
Au+Au collisions [6] that is typical of jet production, and
a back-to-back (∆φ ∼ π) peak similar to that seen in p+p
and peripheral Au+Au collisions [6] that is typical of di-
jet events. The azimuthal distributions are characterized
by a fit to the sum of near-side (first term) and back-to-
back (second term) Gaussian peaks and a constant:

D(∆φ) = AN
e−(∆φ)2/2σ2

N√
2πσN

+AB
e−(|∆φ|−π)2/2σ2

B√
2πσB

+P. (3)

Fit parameters are given in Table I. Their systematic
uncertainties are highly correlated between the data sets,
and are less than 20% for σN and less than 10% for all
other parameters. The only large difference in the az-
imuthal distributions in p+p and d+Au collisions is the
growth of the pedestal P . It increases with increasing
〈Nbin〉, but is not proportional to 〈Nbin〉 as might be ex-
pected for incoherent production. Both σN and σB ex-
hibit at most a small increase from p+p to central d+Au
collisions. A small growth in σB is expected to result
from initial-state multiple scattering [24, 25]. The mod-
est reduction in the correlation strengths AN and AB

from p+p to central d+Au collisions is similar to that
seen previously for peripheral Au+Au collisions [6].

Figure 4(b) shows the pedestal-subtracted azimuthal
distributions for p+p and central d+Au collisions.
The azimuthal distributions are shown also for central
Au+Au collisions after subtraction of the elliptic flow
and pedestal contributions [6]. The near-side peak is sim-
ilar in all three systems, while the back-to-back peak in
central Au+Au shows a dramatic suppression relative to
p+p and d+Au.

The contrast between d+Au and central Au+Au col-
lisions in Figs. 3 and 4 indicates that the cause of the
strong high pT suppression observed previously is asso-
ciated with the medium produced in Au+Au but not in
d+Au collisions. The suppression of the inclusive hadron
yield at high pT in central Au+Au collisions has been
discussed theoretically in various approaches (see [5] for
references). Measurements of central Au+Au collisions
[5] are described both by pQCD calculations that incor-
porate shadowing, the Cronin effect, and partonic energy
loss in dense matter, and by a calculation extending the
saturation model to high momentum transfer. However,
predictions of these models differ significantly for d+Au
collisions. Due to the Cronin effect, pQCD models pre-
dict that RAB(pT )>1 within 2<pT <6 GeV/c for mini-
mum bias d+Au collisions, with a peak magnitude of 1.1-
1.5 in the range 2.5<pT <4 GeV/c [11]. The enhancement
is expected to be larger for central collisions [12]. The
saturation model calculation in [7] predicts RAB(pT )<1,
with larger suppression for more central events, achieving
RAB(pT )∼ 0.75 for the 20% most central collisions. In
contrast, another saturation model calculation [15] gener-
ates an enhancement in RAB(pT ), similar to the Cronin



Limits on Hard Processes
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At higher energies,
expect particle
production at 90   

degrees to have more 
contributions from 

“hard” QCD processes
(scaling as Npart4/3)

And yet, evolution
from peripheral to
central events is

strangely invariant
with beam energy
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Color Glass Condensate
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Density of quarks
and gluons is so high
that hard processes
may be effectively
suppressed when

they fill the available
phase space:

“parton saturation” CGC: a new state of matter?



The Future: ATLAS@ALHC

Enormous energies, higher multiplicities:
will the trends discussed here break down?



Heavy Flavor @ RHIC II

c

c

To probe the transport
properties of the system,
would be useful to study
thermalization of heavier

objects --> e.g. heavy quarks

Kπ

D

New silicon detector being
developed for PHENIX to
measure charmed
particles by means
of displaced decay 
vertices

kind of 
like Brownian 

motion...
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QCD in Action

Gluon
Radiation

Hadronization &
Decays

Annihilation
into quarks

QCD is a asymptotically-free theory at high energies, 
with a perturbative description in terms of 

the radiation of gluons and quarks 
--> Jets in e+e- annihilation!



Entropy Density at Freezeout
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At the end of the evolution, all systems have
similar “number” of degrees of freedom

(but very different particles!)

s = n(µB , T )T 3

Mesons

Baryons



In p+p collisions, there are 
“leading” particles that can 
“keep” an arbitrary fraction 

of the initial energy
(which we call 

“Feynman x”, or xF)

Flat probability distribution:

〈xF 〉 ∼ 1/2

√
seff = 〈xF 〉

√
s =

√
s

2

“effective energy”
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More Longitudinal Scaling?
Just like dN/dη, 

the asymmetry is also
energy-independent 

viewed from 
the shifted frame.

So not just     ,

but       ,

are energy-
independent! Asymmetry:

d2N

dη′dφ

dN

dη′


